Abstract. Airships, as the significant UAV, have a need for greater autonomy in their new missions. Therefore, airship flight control systems require precise dynamic modeling, taking into account the effect of flexibility and the interaction with aerodynamic forces. This research effort develops an efficient modeling of the autonomous flexible airship. The formalisation used is based on the Lagrange method. The resulting model includes the rigid body motion, the elastic deformation, and the coupling between them. Based on the precise flexible dynamic model, a novel backstepping nonlinear controller with integral action is proposed for motion control systems. The resulting feedback controller is able to adapt to actuator performance limitations, such as limitations in magnitude and rate of change of rudder, than conventional backstepping controller without integral action. With the deformation considered, the presented controller could resist the flexible uncertainty effect, and the system's trajectory tracking ability is significantly improved. The approach guarantees exponential stability of a compensated tracking error in the sense of Lyapunov.
Introduction
Airships, as autonomous aerial vehicles, have recently gained importance. The range of tasks they are designed to support is growing. For example, climate research, data collecting, surveillance, and more closer to us, we always saw them as means of advertising [1] . The resurgence of airships in the past few years has created a need for accurate dynamics models and simulation tools to study their flight behavior and design their control systems. Several researchers have presented airship dynamic models. Tischler et al. proposed the nonlinear equations of motion and developed the simulation program HLASIM for the design of heavy lift airships [2] . Jex and Gelhausen and Amann used different aerodynamic computational methods to predict the control responses of the Skyship-500 airship [3, 4] . Analytical linear dynamics models using aerodynamic derivatives were also applied to study the flight stability and control design of airships [5, 6] . Li and Nahon presented a modeling procedure for airship dynamics simulation and validated their model with published experimental data [7] . All of these works were researched by using the assumption of rigid body behavior. Sometimes the flexibility effects are modeled as a perturbation. However, real airships experience elastic deformations and their structural flexibility has been an important consideration in the history of airship development. In other vehicles, such as light aircraft, the introduction of the flexibility in the dynamic model becomes essential [8, 9, 10] . Thus we try to contribute to the study of the elastic deformation of the airships by considering the effect of flexibility. To design the control system, the deformation of the airship is considered acting on the motion rather than as a perturbation.
Recently, with increasing interest in airships and a drive to make them more autonomous, there has been increased research effort on airship modelling and control. Airships have different nonlinearities from heavier-thanair aircraft, such as added mass terms that are negligible for other aircraft. The airship has been less extensively studied than that for other aircraft. Due to the flexible structures and the time-varying characters, obtaining the precise mathematical models valid for relevant flight conditions is more difficult. Traditionally, to overcome this problem, airship models are usually linearized, and the flight controllers are designed for a selected flight condition. Several control techniques are then applied, usually with excellent results [10] . However, if the state of the airship is too different from the flight condition used for design, the performance of controller is not as optimal as before, and the airship model might fail to accurately capture the system behavior. In this situation, linear control laws can be prone to misbehavior or even failure. Gain scheduling methods have been successfully developed to deal with different operating points [11] . However, the disadvantages of these methods are that the controllers are not global used and a wide range of flight conditions need to be estimated，which is a complicated task.
Nonlinear control methods have been developed to overcome the shortcomings of linear design approaches.
MATEC Web of Conferences
For example, feedback linearization has been used to handle the nonlinear equations of motion, generating controllers suitable for the entire flight envelope, if a precise knowledge of the aircraft model exists [12] . For security reasons, as well as simplicity and flexibility, a global nonlinear control is more interesting than a linearized and decoupled one. Lyapunov function based on backstepping control is described in [13] , and have been proposed in [14] , [15] , and [16] . In reference [14] , Godhavn derives a full nonlinear model and allows large variation in velocities. He used splines to make references smoothly and backstepping control to track them [14] . In reference [15] , the dynamical extension is proposed. Fierro and Lewis consider the specific vehicle dynamics to convert a steering system (kinematic model) command into control inputs for the actual vehicle [15] . Encarnacao and Pascoal provide a control method that combines both the trajectory tracking and path following problems and shows a good tracking and following performance [16] . In the presence of parametric uncertainties, an alternative solution is to design the controller using the adaptive backstepping design method. For example, Härkegård has presented an adaptive backstepping design in [17] , complemented with a control allocation method to compute actuator values. However, these designs do not take into account input saturation and rate limitation of the actuators, which will constrain the efficiency of the designed control law, or even cause an accident.
In recent control systems, the overall performance of the motion control systems is restricted by the limitation of magnitude and rate of change of the actuators, such as rudder angles. What's more, the elastic deformation of airship during flight motion process is also an complicating factor for control systems. So it is of great importance to design advanced controllers to achieve the bandwidth improvement.
In this work, a command filtered backstepping control law with integral action is designed for airship flexible dynamics. The resulting control law is able to track the given yaw reference considering the limitations in magnitude and rate of change of actuators. The proposed control law shows the good performance when considering actuator position and rate limits.
The paper is organized as follows: Section 2 establishes the mathematical flexible model of the airship. Section 3 presents a detailed derivation of the command filtered backstepping control law with integral action and deformation considered to deal with airship dynamics. Some simulations are carried out to show the performance and stability of the proposed controller in section 4. Finally, in section 5, the paper is concluded with some observations.
Dynamics modeling of flexible airships
Generally, the hull of an airship is a flexible inflating structure. The shape of an airship hull will change under the influence of aerodynamics. So the changes in shape, aerodynamics and attribute parameters need to be considered in the dynamics modeling. The main differences of flexible dynamic modeling and the rigid dynamic modeling are the hull shape change model, the aerodynamic model, the added masses and attribute parameters model.
The aerodynamic force will be changed with the flow condition and the shape of flexible airship. For obtaining the aerodynamics under the conditions of different flow condition and flexible shape, we use the semi-experiential estimate method [18] in this paper. But the change of local relative velocity and shape along the x axis of airship hull was contained in the aerodynamic model. The coordinate of airship is shown in Fig.1 . 
The attribute parameters model
The attribute parameters of an airship include the mass and inertia. Based on the structure and shape characteristics of airship, the airship was divided into different parts. The mass distribution of an airship includes the structure and interior gas. The hull was Thus, the coordinate of every panel is
In addition, every natural mode shape can be discretised,
The flexible dynamic model of airship
Through the dynamic equations of flexible body, the dynamic model of flexible airship can be obtained [19] , 
where, sys M is the symmetry mass matrix, 
where EI is the bend stiffness, 
Kinematics of airship
The kinematics equations of airship are:
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where,
. Then we analyze the second-order state-space equations as follow (10)  is the virtual term, and defining the position tracking
where 1d
x is the reference state.
And the Lyapunov function
whose dynamics can be derived as
To drive the tracking error to zero asymptotically, the traditional choice is to pick
In order to introduce the integral action, we choose the behavior of the virtual control as By introducing the integral action into the stabilizing function, we can make sure that the tracking error is converged to zero at the steady state despite the presence of the disturbance and inaccuracy, just like the influence of flexible model.
Then consider the tracking error
The control Lyapunov function
The derivative with respect to time of equation (19) (1 ) 200 400 2 6 3
Simulation results
e t e t .
In order to close to practical applications, the following limitations in magnitude and rate of change of actuator (rudder angle) have also been considered in the simulation model. Our proposed integral command filtered backstepping nonlinear controller for flexible system is based on the Lyapunov function design methodology and essentially has nonlinear control properties. Because the system can be proven stable by the Lyapunov function through energy consumption, the backstepping controller with integral section has much higher stability range than the conventional controller (without integral section) The reference signal is trapezoidal input in order to close to the practical applications and slightly smoothed to avoid discontinuities that would demand instantaneous changes in the control signals.
MATEC Web of Conferences
From our control design, we can see that the integral action can be easily removed from the backstepping controller by setting  =0. Figs 4 to 8 are the simulation results for the backstepping without the integral action. At time t=100, reference is commanded from pi/2 rad to 2pi/3 rad; then at time t=200s, reference is decreased with a magnitude pi/3 rad. From the tracking error plot in Fig.5 , we can see that there is a dynamic error of about 0.6 radians. This is because of the bandwidth limitation of the conventional backstepping controller, which can be seen from control input (Fig.6) . The rudder keeps saturating due to the rate limitation of the actuator. So the tracking error vibrates near the equilibrium point. During the tracking process, the deformation of airship is fluctuating due to the control input (see Fig.7 ), which may influence the accurate flight control. The same command position reference is used for the integral backstepping nonlinear controller. The performance is shown from Fig.9 to fig.13 . With the backstepping nonlinear controller added integral action, we can obtain that the tracking error has been greatly reduced to below 0.01 radians during the steady process as can been seen in Fig.10 . Even at the steep changes, the tracking error is only about 0.13 radians, which is much smaller than that of the conventional controller. The fast tracking performance is preserved. Fig. 9 shows a better match to the reference, in comparison with Fig. 4 . Comparing Fig. 11 with Fig.6 , the rudder response is rather smooth when moderate changes in yaw angle are demanded. What is more, with the integral action, the backstepping controller is adapted to the bandwidth limitation of the rate of actuators and makes the simulation more close to reality. From Fig.12 we can see that the deformation tendency of airship just opposite to the rudder (control input), and rapidly converge to zero, which is further improvement than that of Fig.7 . Fig.13 shows that the integral backstepping controller considering flexible factors could resist the flexible uncertainty and converge the generalized acceleration to steady values. All of these above prove that integral backstepping control with flexible factors considered is more adapted to limitation of actuators and shows better performance to control the system against the flexible uncertainty presented in the motion control systems.
In this paper, the dynamic modeling of the flexible airship has been presented, which offers the precise model for control near the truth. And then it has shown the process for the design of a nonlinear controller employing Lyapunov and command filtered Backstepping techniques to control the yaw angle of the flexible system. In order to make up the flexible uncertainty factor and the limitation of the rate of actuators, integral action is considered in the design controller. Numerical simulations are performed to verify the performance of the proposed control law. The results are shown that the proposed integral command filtered backstepping control algorithm could stabilize the flexible system and drive the flexible airship to the desired trajectory of yaw angle.
